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Abstract 

The  electrochemical  performance  of  a  hydrogen  sulfide  solid  oxide  fuel  cell  having  the  configuration  H2S,  Pt/(ZrO2)0  92(Y2O3)008/Pt,  air 
has  been  examined  at  atmospheric  pressure  and  750-800°C,  using  both  pure  and  5%  H2S  anode  feed  streams.  The  performance  of  the  cell  is 
higher  when  using  diluted  H2S  feed  compared  with  pure  H2S  feed:  current  densities  up  to  100  mA  cm~2  and  power  densities  up  to 
15.4  mW  cm“2  have  been  achieved  using  diluted  H2S  gas  (5%)  at  800°C.  However,  the  platinum  anode  degrades  over  time  in  H2S  stream 
due  to  the  formation  of  PtS.  Electrochemical  oxidation  of  H2S  on  the  Pt  anode  significantly  accelerated  its  degradation.  Polarization  and 
impedance  spectroscopy  measurements  show  that  at  low  current  density  ( i )  electrochemical  reaction  is  the  major  cause  of  polarization  in  the 
fuel  cell.  Ohmic  loss  due  to  the  resistance  of  the  electrolyte  material  and  the  electrical  connecting  wire  is  a  major  part  of  cell  polarization  at 
high  i.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

In  recent  years,  solid  oxide  fuel  cells  (SOFCs)  using 
hydrogen  as  fuel  have  been  investigated  extensively,  and 
may  soon  provide  a  viable  commercial  option  for  power 
generation  [1],  Hydrogen  sulfide  is  also  a  good  candidate  as 
a  fuel  for  SOFCs.  H2S  has  a  high  chemical  potential 
(0.742  V  if  sulfur  is  produced  and  0.758  V  for  S02  as  the 
product,  at  750°C  and  1  atm).  However,  much  less  effort  has 
been  made  in  the  development  of  H2S-02  fuel  cells  com¬ 
pared  with  H2-02  fuel  cells  [2-6].  A  major  factor  is  that  H2S 
is  an  extremely  corrosive  and  noxious  gas,  which  puts 
stringent  requirements  on  cell  materials,  especially  at  high 
temperatures.  H2S  currently  is  removed  from  gas  streams 
using  absorption  processes  [7,8].  H2S  gas  is  partially 
oxidized  to  elemental  sulfur  and  water  vapor  via  the 
well-established  Claus  process.  The  reaction  is  highly 
exothermic.  Thermal  energy  can  be  recovered  as  low-grade 
energy  in  the  steam  produced.  However,  it  is  much  more 
desirable  to  recover  this  energy  as  electricity  in  a  highly 
efficient  manner. 

The  feasibility  for  electrochemically  oxidizing  H2S  in  a 
fuel  cell  was  first  demonstrated  in  the  late  1980s.  Pujare  et  al. 
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showed  that  a  solid  oxide  fuel  cell  based  on  yttria- stabilized 
zirconia  (YSZ)  electrolyte  could  operate  on  high  levels  of 
H2S  fuel  at  900°C  [2].  Subsequent  studies  by  the  same  group 
revealed  that  various  thiospinels  and  metal  sulfides  were 
active  as  anode  electrocatalysts  for  H2S  oxidation  [3].  The 
potential  for  utilization  of  H2S  in  ceria-based  solid  electro¬ 
lyte  cells  with  porous  platinum  electrodes  has  also  been 
demonstrated  [4,5].  However,  while  doped  ceria  exhibits 
higher  ionic  conductivity  than  YSZ,  the  electronic  conduc¬ 
tivity  of  ceria  in  a  reducing  atmosphere  reduces  the  open 
circuit  potential  [5,9].  Much  improved  H2S-02  fuel  cell 
performance  was  achieved  recently  using  thinner  YSZ 
electrolytes  (thickness  between  40  and  500  pm)  and  new 
active  anode  materials  (Li2S/CoS  1.035  and  WS2)  with  low 
overpotentials  [6].  State  of  the  art  YSZ  is  the  favored 
electrolyte  material,  due  to  its  relatively  high  ionic  con¬ 
ductivity  and  high  chemical  stability.  Alternative  available 
oxide  ion  conductive  membranes  deteriorate  over  time  on 
stream  or  have  other  unfavorable  performance  characteris¬ 
tics  [9].  The  ability  of  Pt  to  electrochemically  catalyze  the 
oxidation  of  H2S  at  temperatures  above  650°C  has  been 
demonstrated  [5,10].  Herein  we  will  describe  use  of  H2S  as 
anode  fuel  in  laboratory  scale  SOFCs  having  YSZ  electro¬ 
lytes  and  Pt  electrodes,  at  1  atm  and  750-800°C.  We  will 
show  that  deterioration  of  Pt  anodes  is  caused  by  reversible 
formation  of  PtS,  and  identify  the  contributing  factors  to 
ohmic  resistance  in  the  cell. 
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Fig.  1.  Fuel  cell  assembly. 


2.  Experimental 

2.1.  Cell  design 

A  schematic  diagram  of  a  two-compartment  planar  cell 
geometry  is  shown  in  Fig.  1 .  The  cell  comprises  a  membrane 
electrode  assembly  (MEA)  having  anode  and  cathode  com¬ 
partments  sealed  to  the  respective  faces  of  the  MEA. 

Tape  casted  8  mol%  YSZ  disks  with  a  thickness  of 
0.2  mm  and  a  diameter  of  2.54  cm  were  used  as  electrolytes. 
Both  cathode  and  anode  catalysts  were  platinum,  prepared 
by  screen  printing  platinum  paste  (Heraeus  CL  11 -5 100) 
onto  the  anode  and  cathode  surfaces  of  the  YSZ  electrolyte. 
After  drying  in  the  atmosphere  for  3  h,  the  paste  was  further 
dried  at  130°C  for  10  min  and  then  fired  at  1050°C  for 
30  min  to  form  porous  electrodes.  The  superficial  surface 
area  of  each  electrode  was  approximately  1  cm2.  Platinum 
gauze  (52  mesh)  was  used  as  the  current  collector  for  both 
anode  and  cathode.  A  platinum  lead  wire  was  spot- welded  to 
each  current  collector.  The  total  wire  length  was  ca.  1  m.  The 
MEA  was  sandwiched  between  the  outer  tubes  of  the  anode 
and  cathode  compartments.  The  outer  perimeter  of  each 
outer  tube  was  sealed  to  the  MEA  by  applying  a  thin  layer  of 
ceramic  adhesive  (Aremco  503). 

The  anode  and  cathode  compartments  each  comprise  two 
co-axial  alumina  tubes.  The  inner  tube  extends  from  outside 
the  heated  reaction  zone  to  a  position  close  to  each  electrode 
of  the  MEA.  The  two  tubes  are  sealed  together  at  the  remote 
end,  except  for  a  spent  gas  outlet.  After  the  anode  and 
cathode  compartments  had  been  sealed  to  the  MEA,  the 
assembled  cell  was  placed  in  a  tubular  furnace  (Thermolyne 
F79300)  having  a  uniform  temperature  zone:  ±0.6°C  over 
the  central  7.62  cm  length  of  the  cell  and  ±3.0°C  to  dis¬ 
tances  up  to  7.62  cm  each  side  of  the  MEA.  The  seals  were 
cured  as  the  cell  was  heated  to  the  prescribed  temperature  for 
testing,  prior  to  operation  of  the  cell  under  reaction  condi¬ 
tions.  The  fuel  cell  assembly  then  was  leak  tested. 

Experiments  were  conducted  in  the  temperature  range 
750-800°C.  Fuel  gas  mixture  comprising  either  5%  FES 
balanced  with  nitrogen  or  pure  H2S  was  introduced  into  the 
anode  compartment  via  the  inner  tube.  Spent  gas  exited  the 
anode  compartment  via  the  gas  outlet  in  the  outer  tube.  Air 
was  supplied  to  the  cathode  surface  via  the  inner  tube  of  the 


cathode  compartment.  Spent  air  exited  the  cathode  compart¬ 
ment  via  the  gas  outlet  in  the  outer  tube. 

2.2.  Electrochemical  apparatus 

The  open  circuit  voltage  between  anode  and  cathode  was 
monitored  using  a  Keithley  199  digital  multimeter.  Poten- 
tiodynamic  current-potential  measurements  were  performed 
using  a  Pine  AFRED5  potentiostat/galvanostat  operating  in 
potentiostat  mode  in  conjunction  with  a  VirtualBench  data 
acquisition  system.  Cell  electrochemical  impedance  analy¬ 
sis  was  carried  out  using  a  Gamry  CMS  100/300  impedance 
measurement  system  combined  with  a  Stanford  SR810  DSP 
Lock-in  amplifier  under  open-circuit  voltage  (OCV)  and 
polarization  conditions.  Impedance  data  typically  were 
obtained  over  the  frequency  range  50  kHz  to  1  Hz. 

3.  Results  and  discussion 

3.1.  Open  circuit  voltage  (OCV)  of  the  H2S-02  fuel  cell 

The  open  circuit  voltage  of  the  H2S-02  fuel  cell  using  5% 
H  2S  as  anode  feed  and  air  as  cathode  feed  at  750  and  800°C 
was  1 .07  and  1.11  V,  respectively.  The  calculated  values 
(A E°)  based  on  thermodynamic  data  (AG°(7),  HSC  Chemi¬ 
stry  Software,  Version  1.12,  Outokumpu  Research)  for  H2S 
oxidation  to  either  sulfur  or  S02  are:  0.742  V  at  750°C  and 
0.726  V  at  800°C  for  reaction  (1),  and  0.758  V  at  750°C  and 
0.750  V  at  800°C  for  reaction  (2). 

H2S(g)+i02(g)^H20(g)+S  (1) 

H2S(g)  +  §02(g)^H20(g)  +  S02(g)  (2) 

There  are  two  reasons  for  the  apparent  discrepancy  between 
the  measured  OCV  values  and  the  calculated  values.  The 
calculated  OCV  values  are  based  on  ideal  conditions  that  do 
not  apply  to  the  practical  cell.  For  example,  the  equilibrium 
potential  for  reaction  (2)  is  expressed  by  the  following 
Nernst  equation  (Eq.  (3)). 

A*N  =  AE»(n-gta(ggk)  (3) 
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where  AE°(T)  is  the  cell  potential  calculated  from  thermo¬ 
dynamic  data  A G°,  i.e.  the  potential  when  the  partial  pres¬ 
sures  of  all  reactants  and  products  are  1  atm.  However,  in  the 
experiment  at  800°C  under  open  circuit  conditions,  PH2s  was 
0.05  atm  and  Po2  was  0.21  atm.  The  equilibrium  partial 
pressures  of  S02  and  water  vapor  in  the  anode  compartment 
were  very  low  at  open  circuit  condition,  because  the  elec¬ 
trochemical  exchange  current  density  ( iQ )  of  Eq.  (2)  was  low 
[2]  and  the  feed  gases  were  “extra  dry”  grade.  If  it  is 
assumed  that  the  concentrations  of  water  vapor  and  sulfur 
dioxide  are  each  less  than  10  ppm  in  the  anode  chamber,  the 
calculated  equilibrium  potential  A EN  (Eq.  (3))  will  be 
1.023  V  at  800°C.  This  value  is  in  good  agreement  with 
the  high  experimental  OCV  values. 

A  second  effect  that  may  also  contribute  to  the  apparently 
high  values  for  the  OCV  is  the  presence  of  hydrogen.  Trace 
amounts  of  hydrogen  in  the  anode  chamber  have  been 
detected  by  GC  analysis.  Under  equilibrium  conditions, 
8.6%  of  H2S  is  thermally  decomposed  at  827°C  (Eq.  (4)) 
[5].  Platinum  surfaces  are  known  to  catalyze  decomposition 
of  H2S.  Competitive  electro-oxidation  of  hydrogen  will  also 
occur  on  the  Pt  anode  (Eq.  (5));  the  cell  reaction  is  shown  in 
Eq.  (6). 

H2S(g)^S  +  H2(g)  (4) 

H2^2H+  +  2e~  (5) 

H2  +  i 02^H20  (A E°  =  0.98  V,  at  800°C)  (6) 

The  thermal  equilibrium  potential  of  hydrogen  oxidation 
(Eq.  (6))  is  higher  than  that  for  H2S  oxidation.  Thus,  the 
measured  OCV  value  may  be  a  mixed  reaction  voltage,  the 
value  of  which  depends  on  the  proportions  of  each  electro¬ 
active  species  present  and  the  reaction  potentials.  Therefore, 
the  high  potential  of  the  hydrogen  electro-oxidation  reaction 
would  make  the  measured  OCV s  of  H2S-02  fuel  cell  higher 
than  theoretical  values  for  H2S  oxidation  alone. 

The  detection  of  H2  in  the  anode  gases  and  the  agreement 
between  the  calculated  and  experimental  values  for  the  OCV 
strongly  indicate  that  both  factors  contribute  to  the  values 
obtained.  The  low  levels  of  H2  detected  suggest  that  the 
primary  mechanism  is  electrochemical  conversion  of  H2S, 
and  that  thermal  decomposition  of  H2S  to  H2  is  a  minor 
parallel  mechanism. 

3.2.  Voltage-current  performance  and  output  power 
density 

Fig.  2  shows  i  as  a  function  of  each  of  cell  voltage 
and  power  density  for  the  H2S-02  SOFC,  5%  H2S,Pt/ 
(Zr02)0.92(Y203)o.o8/Pt,  air,  at  750  and  800°C.  The  i 
increases  very  slowly  with  reduction  in  cell  voltage  above 
0.8  V.  The  i  then  quasilinearly  increases  with  decrease  in 
potential  generated.  There  is  no  slope  deviation  in  the  high  i 
region,  showing  that  mass  transfer  is  not  a  limitation  for  the 
system  [11].  In  the  potential  range  between  0.8  and  0.32  V, 


Fig.  2.  Performance  of  5%  FI2S,  Pt/8%  YSZ/Pt,  air  fuel  cell  at  750  and 
800°C. 

the  i  at  800°C  is  unexpectedly  lower  than  that  at  750°C.  This 
behavior  is  abnormal;  for  most  SOFCs  the  current  increases 
with  temperature  due  to  an  increase  in  ionic  conductivity  of 
the  electrolyte.  The  cause  of  this  behavior  is  deterioration  of 
the  anode,  as  will  be  discussed  below.  The  maximum  current 
densities  achieved  were  87  mA  cm~2  at  750°C  and 
100  mA  cm~2  at  800°C,  respectively.  These  values  are 
higher  than  the  data  for  related  systems  reported  to  date 
[2-5].  The  superior  values  obtained  using  our  system  when 
compared  with  the  published  data  for  comparable  systems 
are  attributed  in  part  to  our  use  of  much  thinner  self- 
supporting  membranes  and  good  sealing  to  prevent  gas 
mixing  due  to  crossover.  The  Pt/YSZ  or  ceria-based  elec- 
trolyte/Pt  membranes  described  in  the  literature  [2-5]  are 
typically  0.6-1. 5  mm  thick,  and  the  low  values  reported  for 
the  open  circuit  potential  indicate  that  related  systems  may 
not  have  a  completely  gas-tight  seal  [4,5]. 

The  maximum  power  densities  attained  at  the  two  dif¬ 
ferent  temperatures  are  similar,  15.6  mW  cm~2  at  750°C  and 
15.4  mW  cm~2  at  800°C.  The  optimum  operating  values  are 
slightly  different.  Maximum  power  density  is  produced  at  a  i 
of  44  mA  cm~2  at  750°C  and  at  49  mA  cm~2  at  800°C. 
Generally,  power  output  is  expected  to  increase  with  increas¬ 
ing  temperature  for  the  same  cell  configuration  [4,12].  The 
similarity  between  the  maxima  is  attributed  to  similar 
impedance  performance  at  each  temperature,  as  will  now 
be  discussed. 

3.3.  Impedance  characteristics 

Impedance  spectroscopy  (IS)  of  the  Pt/YSZ  system  has 
been  extensively  investigated  in  SOFC  studies  [13].  Usually, 
the  IS  plots  comprise  two  overlapping  semicircles.  The 
intercepts  of  the  first  high  frequency  semicircle  with  the 
real-axis  represent  the  resistance  within  YSZ  grains  and 
intergranular  (grain  boundary)  resistance.  The  intercepts  for 
the  second  semicircle  represent  the  effective  resistance  for 
the  electrode  reaction  [13]. 

Results  of  H2S-02  fuel  cell  IS  measurements  at  750  and 
800°C  are  shown  in  Figs.  3  and  4.  Measurements  were  made 
under  open  circuit  conditions  (Fig.  3)  and  polarization 
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Fig.  3.  Impedance  spectra  of  5%  FFS,  Pt/8%  YSZ/Pt,  air  fuel  cell  at  750 
and  800°C  under  open  circuit  conditions. 

conditions  (at  0  V)  (Fig.  4).  At  OCV,  the  two  semicircles 
evidently  are  not  well  developed  due  to  the  very  high 
electrode  reaction  impedance  and  the  lower  limit  for  the 
frequencies  used  in  the  IS  test.  At  0  V,  the  two  overlapping 
semicircles  are  well-defined,  as  shown  by  the  fit  to  the 
simulated  curves  (Fig.  4).  The  centers  of  the  semicircles 
are  slightly  below  the  real  axis,  as  a  result  of  either  diffusion 
effects  (Warburg  impedance)  or  a  distribution  of  time  con¬ 
stants  around  an  ideal  value  [13]. 

The  first  real-axis  intercepts  ( Rx )  are  the  same  under  both 
polarization  and  non-polarization  conditions,  4.2  Q  cm2  at 
750°C  and  4.6  Q  cm2  at  800°C.  The  high-frequency  resis¬ 
tance  includes  the  bulk  ionic  resistance  within  YSZ  grains 
and  the  resistance  of  electrical  connection  wires.  Both  types 
are  linear  resistance.  The  resistance  due  primarily  to  con¬ 
necting  leads  contributes  the  largest  part  of/?!,  found  to  be 
about  2.6  Q  at  room  temperature.  The  total  resistance  of 
connecting  leads  increased  with  operating  temperature  in 
part  because  a  section  of  the  platinum  wire  was  heated  with 
the  cell  in  the  furnace.  As  the  temperature  coefficient  of 
resistance  of  platinum  is  0.00392°C~1,  the  increase  in 
resistance  for  1  m  of  wire  is  less  than  0.06  Q  from  750  to 
800°C.  However,  the  resistance  increased  by  0.4  Q  when  the 
temperature  increased  from  750  to  800°C.  Therefore,  the 
largest  part  of  increase  in  the  resistance  is  ascribed  to 
increase  in  the  electronic  connection  resistance  between 
the  Pt  wire  and  Pt  anode  as  well  as  the  contact  resistance 
between  Pt  anode  and  the  electrolyte.  As  the  data  at  800°C 


were  acquired  after  the  I-V  curve  and  impedance  measure¬ 
ments  at  750°C,  the  long  exposure  time  and  pre-polarization 
of  the  cell  in  H2S  stream  resulted  in  the  formation  of  PtS,  and 
consequently  increased  the  electronic  connection  resistance 
at  800°C.  This  interpretation  is  supported  by  results  from 
experiments  in  which  the  cell  was  cycled  between  750  and 
800°C,  to  be  described  below. 

The  grain  boundary  resistance  ( R2  —  R\)  and  electrode 
reaction  resistance  (/?3  —  R'2)  were  determined  under  polar¬ 
ization  conditions  (at  0  V)  (Fig.  4).  The  intergranular  resis¬ 
tance  was  3.5  Q  at  750°C  and  2.6  Q  at  800°C;  electrode 
resistance  at  0  V  was  1.8  Q  at  750°C  and  2.2  Q  at  800°C. 

The  intergranular  resistance  decreased  with  increasing 
temperature  due  to  the  improvement  in  ionic  conductivity, 
similar  to  the  behavior  of  most  H2-02  fuel  cells  [1], 
The  higher  i  observed  between  0.32  and  0  V  at  800°C 
(Fig.  2)  is  due  to  the  lower  grain  boundary  resistance  at 
this  temperature. 

The  contributions  from  anode  and  cathode  reaction  resis¬ 
tances  can  not  be  distinguished  using  the  cell  configuration 
without  a  reference  electrode.  Consequently,  the  second 
semicircle  is  a  composite  from  both  cathode  and  anode 
reactions.  The  electrode  reaction  resistance  at  800°C  is 
higher  than  that  at  750°C,  and  so  is  not  consistent  with 
the  Arrenius  relationship.  The  reaction  rates  of  both  oxygen 
reduction  and  H2S  oxidation  increase  with  temperature 
[3,14],  due  to  the  decrease  of  activation  energies  for  each 
reaction.  The  increase  of  reaction  resistance  observed  at 
800°C  is  consistent  with  deterioration  of  the  platinum  anode 
in  the  H2S  stream.  The  electrode  reaction  resistance  changes 
with  the  cell  polarization  conditions.  High  polarization  gives 
low  electrochemical  reaction  resistance.  In  this  case,  the 
electrode  reaction  resistance  at  0  V  (Fig.  4)  is  much  lower 
than  that  under  open  circuit  conditions  (Fig.  3).  The  i 
between  0.8  and  0.32  V  is  lower  at  800°C  than  at  750°C 
(Fig.  2),  resulting  from  the  higher  electrode  reaction  resis¬ 
tance  at  800°C. 

Thus,  the  total  voltage  drop  (800°C)  in  the  H2S-02  fuel 
cell  is  attributable  to  three  contributing  factors:  bulk  elec¬ 
trolyte  and  electrical  resistance  (//?(),  grain  boundary  resis¬ 
tance  (I(R2—R\)),  and  electrode  reaction  resistance  (Fig.  5). 
The  total  cell  ohmic  drop  (R2)  represents  a  large  fraction  of 
the  voltage  drop,  especially  at  high  current  densities.  The 
quasilinear  decrease  of  the  cell  voltage  with  increase  in  i  is  a 


Fig.  4.  Impedance  spectra  of  5%  H2S,  Pt/8%  YSZ/Pt,  air  fuel  cell  at  750  and  800°C  at  0  V. 
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Fig.  5.  Contribution  of  various  cell  polarization  components  for  a  fuel  cell 
at  800°C. 

consequence  of  the  large  ohmic  polarization.  The  electronic 
resistance  arising  from  the  Pt  wires  and  connections  with  the 
Pt  anode  can  be  reduced  by  optimizing  the  cell  design.  It  is 
anticipated  that  the  resistance  of  the  electrolyte  can  be 
lowered  by  further  reducing  its  thickness  [15].  It  is  antici¬ 
pated  that  further  improvements  will  be  realized  through 
development  of  stable  new  electrolytes  with  high  ionic 
conductivity  and  negligible  electronic  conductivity,  such 
as  improved  ceria-based  electrolytes  [16]. 

3.4.  Effect  of  feed  gas  concentration  on  cell  performance 

Fig.  6  shows  the  voltage-current  density  relationship  for 
use  of  pure  H2S  feed  at  750  and  800°C.  The  cell  voltage- 
current  performance  at  each  temperature  unexpectedly  is 
worse  than  that  in  5%  H2S  feed.  The  lower  maximum  i  in 
pure  H2S  than  in  diluted  H2S  is  attributed  to  rapid  platinum 
anode  deterioration  in  the  concentrated  gas  stream.  It  has 
been  found  that  the  platinum  anode  detaches  gradually  from 
the  YSZ  electrolyte  with  time  on  stream.  The  curvature  at 
the  high-current  end  of  the  I-V  curve  at  750°C  indicates  the 
beginning  of  the  detachment  of  the  Pt  anode.  Total  lifetime 
of  this  cell  under  polarization  condition  at  800°C  is  6  h,  after 
which  time  the  cell  fails.  After  the  test,  the  Pt  anode  was 
found  to  be  completely  detached  from  the  electrolyte,  while 
the  bonding  of  the  Pt  cathode  to  the  electrolyte  was  intact. 

H2S  in  the  anode  feed  attacks  the  Pt  surface  to  form  PtS 
at  elevated  temperatures,  and  thereby  reduces  electrical 


Fig.  6.  Current-potential  curves  of  pure  FFS,  Pt/8%  YSZ/Pt,  air  fuel  cell 
at  750  and  800°C. 


Fig.  7.  Resistance  (R{)  changes  with  exposure  time  under  open  circuit 
conditions  using  pure  H2S  feed. 


conductivity  [17].  Further,  the  high-frequency  resistance 
(R  i)  at  different  temperatures  changes  with  duration  of 
exposure  and  polarization  time  (Figs.  7  and  8).  Fig.  7  shows 
the  change  in  resistance  (Ri)  with  exposure  time  under  open 
circuit  conditions  using  pure  H2S  feed.  The  temperature  of 
the  cell  was  cycled  three  times  per  day  between  750  and 
800°C,  starting  at  either  750  or  800°C  in  different  experi¬ 
ments.  The  slight  variance  in  values  for  R{  (less  than  0.05  Q) 
at  the  same  temperature  between  the  three  testing  times 
indicates  that  thermal  cycling  has  no  major  effect  on  cell 
performance.  The  higher  resistance  at  750°C  compared  with 
800°C  is  consistent  with  the  lower  ionic  conductivity  of  YSZ 
membrane  at  this  temperature.  During  operation  over  5  days 
without  polarization,  R{  increased  by  1.2  Q  at  750°C,  which 
is  attributable  to  formation  of  PtS  as  described  above. 
However,  polarization  is  the  primary  source  of  the  large 
increment  in  the  resistance  (Rff.  about  5.7  Q  in  20  min  at 
high  current  polarization  (Fig.  8).  Polarization  aggravates 
the  instability  of  the  electrochemical  interface  between 
anode  and  membrane  and  thus  accelerates  degradation  of 
the  Pt  anode. 

The  impedance  spectrum  of  the  membrane  assembly 
using  pure  H2S  gas  under  polarization  conditions  (at  0  V) 
is  shown  in  Fig.  9.  The  electrical  resistance  of  the  wiring  in 


Re  Z  (fi-cra2) 


Fig.  8.  Impedance  spectra  of  pure  H2S,  Pt/8%  YSZ/Pt,  air  fuel  cell  at 
750°C:  (1)  first  day  exposure  in  pure  H2S  without  polarization;  (2)  after  5- 
day  operation  without  polarization;  (3)  after  polarization  for  20  min;  inset: 
expanded  region  0-20  ft  cm2. 
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Fig.  9.  Impedance  spectra  of  pure  H2S,  Pt/8%  YSZ/Pt,  air  fuel  cell  at  750  and  800°C  at  0  V. 


this  cell  is  slightly  lower  than  that  in  the  above  cell  using  5% 
H2S  as  fuel  due  to  the  use  of  shorter  connecting  wires. 
Again,  the  high-frequency  resistance  of  the  cell  (Rf) 
increases  with  temperature:  the  resistance  at  800°C  is  almost 
two  times  larger  than  at  750°C.  In  these  tests,  IS  data  at 
800°C  were  acquired  after  the  measurements  of  I-V  curve 
and  impedance  at  750°C.  Consequently,  the  resistance  of 
Ri  has  been  found  to  be  higher  at  the  higher  temperature 
due  to  the  prior  deterioration  of  the  contacts  (Fig.  9).  Further, 
the  I-V  relationship  (Fig.  6)  determined  in  polarization 
experiments  also  shows  abnormal  behavior:  the  maximum 
i  decreases  with  increasing  temperature. 

The  IS  plots  using  pure  H2S  as  feed  (Fig.  9)  can  not  easily 
be  deconvoluted  into  a  series  of  semicircles.  However,  the 
total  cell  resistance  (Rt)  is  readily  distinguished  at  the  low 
frequency  intercept  for  each  temperature,  and  is  found  to  be 
higher  than  the  corresponding  value  (R3  in  Fig.  4)  for  use  of 
5%  H2S  feed.  The  increase  in  resistance  is  consistent  with 
degradation  of  the  Pt  anode  in  the  H2S  stream,  as  discussed 
above.  That  is,  Pt  anode  degradation  in  the  pure  H2S  stream 
is  more  pronounced  than  in  the  5%  H2S  stream.  The  for¬ 
mation  of  PtS  in  the  Pt/YSZ  interface  leads  to  an  increase  of 
interface  resistance  between  the  Pt  anode  and  YSZ  electro¬ 
lyte.  Thus,  using  pure  H2S  adversely  affects  performance  of 
the  H2S-02  fuel  cell  due  to  rapid  formation  of  PtS,  which 
has  the  effects  of  deactivation  of  the  anode  electrocatalyst 
and  increasing  the  interface  resistance. 

4.  Conclusions 

The  promising  initial  values  for  current  and  power  output 
using  the  present  system  show  that  hydrogen  sulfide  is  a 
potentially  suitable  fuel  for  a  zirconia-based  solid  electrolyte 
fuel  cell  operating  at  intermediate  temperatures  (750  and 
800°C).  However,  platinum  deposited  on  YSZ  is  not  a 
suitable  anode  material  for  an  H2S  stream.  The  formation 
of  PtS  contaminates  the  anode  surface  and  increases  the 
interface  resistance  between  Pt  and  YSZ,  ultimately  leading 
to  detachment  of  the  Pt  anode  from  the  YSZ  membrane. 
Electrochemical  polarization  accelerates  the  degradation  of 
the  Pt  anode  significantly.  Superior  i  and  longer  lifetime  of 
the  MEA  are  found  when  using  dilute  H2S  feed  compared 


with  using  pure  H2S  feed.  Alternative  anode  catalyst  systems 
are  required,  that  do  not  deteriorate  over  time  in  an  atmo¬ 
sphere  of  H2S.  Electrochemical  impedance  analysis  shows 
that  ohmic  drops  arising  from  electrical  wire  connections, 
bulk  electrolyte  resistance  and  grain  boundary  resistance 
each  contribute  a  significant  part  of  the  overall  cell  voltage 
drop.  Shorter  electrical  wires  and  reduction  of  the  re¬ 
sistance  of  connections  are  both  required  to  improve  cell 
performance. 
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